Previous studies in our laboratory have shown that in models for three distinct forms of the inherited and incurable nerve disorder, Charcot-Marie-Tooth neuropathy, low-grade inflammation implicating phagocytosing macrophages mediates demyelination and perturbation of axons. In the present study, we focus on colony-stimulating factor-1, a cytokine implicated in macrophage differentiation, activation and proliferation and fostering neural damage in a model for Charcot-Marie-Tooth neuropathy 1B. By crossbreeding a model for the X-linked form of Charcot-Marie-Tooth neuropathy with osteopetrotic mice, a spontaneous null mutant for colony-stimulating factor-1, we demonstrate a robust and persistent amelioration of demyelination and axon perturbation. Furthermore, functionally important domains of the peripheral nervous system, such as juxtaparanodes and presynaptic terminals, were preserved in the absence of colony-stimulating factor-1-dependent macrophage activation. As opposed to other Schwann cell-derived cytokines, colony-stimulating factor-1 is expressed by endoneurial fibroblasts, as revealed by in situ hybridization, immunocytochemistry and detection of b-galactosidase expression driven by the colony-stimulating factor-1 promoter. By both light and electron microscopic studies, we detected extended cell-cell contacts between the colony-stimulating factor-1-expressing fibroblasts and endoneurial macrophages as a putative prerequisite for the effective and constant activation of macrophages by fibroblasts in the chronically diseased nerve. Interestingly, in human biopsies from patients with Charcot-Marie-Tooth type 1, we also found frequent cell-cell contacts between macrophages and endoneurial fibroblasts and identified the latter as main source for colony-stimulating factor-1. Therefore, our study provides strong evidence for a similarly pathogenic role of colony-stimulating factor-1 in genetically mediated demyelination in mice and Charcot-Marie-Tooth type 1 disease in humans. Thus, colony-stimulating factor-1 or its cognate receptor are promising target molecules for treating the detrimental, low-grade inflammation of several inherited neuropathies in humans.
Introduction
Inherited demyelinating neuropathies of the Charcot-Marie-Tooth type are disabling disorders of the PNS. The genetic causes have been deciphered for many forms (Niemann et al., 2006; Scherer and Wrabetz, 2008; Reilly et al., 2011) and some pathomechanistic aspects have even been investigated in detail (Pennuto et al., 2008; D'Antonio et al., 2009) ; still, these disorders are untreatable . Of note, studies in animal models for Charcot-Marie-Tooth type 1A previously revealed some promising observations from the systemic application of ascorbic acid as possible treatment approach, but clinical trials so far have failed to provide evidence for the use of this vitamin as a treatment option (Burns et al., 2009; Micallef et al., 2009; Pareyson and Solari, 2009; Pareyson et al., 2011; Schenone et al., 2011) . Antiprogesterone-based therapies in a rat model is theoretically another option for treating solely Charcot-MarieTooth type 1A, but expected serious side effects might prohibit direct clinical application (Meyer zu Horste et al., 2007) . Thus, at present, only symptomatic and rehabilitative strategies are available to reduce the disabling clinical features .
We have recently documented that in mouse models for CharcotMarie-Tooth types 1A, 1B and 1X, low-grade inflammation implicating phagocytosing macrophages substantially contributes to the demyelinating and axonopathic phenotype of the disorders, which might open common therapeutic options for several inherited neuropathies (Ip et al., 2006b; Fischer et al., 2008a, b; Martini et al., 2008; Groh et al., 2010; Kohl et al., 2010 ). An important, Schwann cell-borne mediator of the respective detrimental macrophage function is the chemokine CCL2, which is expressed downstream of intracellular activation of the mitogen activated protein (MAP) kinases, extracellular signal-regulated kinase (ERK), and MAP kinase/ERK kinase (MEK) (Fischer et al., 2008a, b; Groh et al., 2010; Kohl et al., 2010) . Another important macrophage activator that has been identified in Charcot-Marie-Tooth type 1B mice is colony-stimulating factor-1 (CSF-1; Carenini et al., 2001; Muller et al., 2007) . As opposed to CCL2, neither the cellular source nor the role of CSF-1 in other Charcot-Marie-Tooth models has been identified. In the present study, we show that CSF-1 is a pivotal macrophage activator in a model for Charcot-Marie-Tooth type 1X and is expressed by endoneurial fibroblasts that form extended cell-cell contacts with endoneurial macrophages. Importantly, we detected similar interactions between CSF-1-producing fibroblasts and macrophages in other Charcot-Marie-Tooth models and in nerve biopsies of human patients with Charcot-Marie-Tooth type 1. Our study shows that CSF-1 is an essential, pathogenic molecule in at least two distinct models for Charcot-Marie-Tooth type 1 and might play a similar role in human Charcot-Marie-Tooth type 1. CSF-1 is therefore another promising target for treating the detrimental, low-grade inflammation of inherited neuropathies.
Materials and methods

Animals
Connexin 32-deficient (Cx32def) mice (Nelles et al., 1996) were crossbred with CSF-1-deficient osteopetrotic (op) mice (Yoshida et al., 1990) according to previously published protocols Groh et al., 2010) . Cx32def mice were on a mixed C57BL/ 6 Â 129Sv genetic background, whereas osteopetrotic mutants were on a uniform C57BL/6 background. In parallel, Cx32def mice were back-crossed for more than six generations to a uniform C57BL/6 background with the typical neuropathological alterations and similar severity of neuropathy as seen in the Cx32def mice of the mixed background. Transgenic (tg) peripheral myelin protein 22-overexpressing mice (PMP22tg) of the C61 strain (Huxley et al., 1998) were maintained on the C57BL/6 background. Determination of genotypes was achieved with conventional polymerase chain reaction using isolated DNA from tail biopsies following previously published protocols (Carenini et al., 2001; Kobsar et al., 2003; Kohl et al., 2010) . Homozygous osteopetrotic mice presented with all described phenotypic characteristics, including reduced lifespan and body size, precluding comparisons to mice with a wild-type CSF-1 genotype regarding electrophysiological and behavioural analyses. Mice were kept in the animal facility of the Department of Neurology under barrier conditions and all animal experiments were approved by the Regierung von Unterfranken.
Semi-quantitative real-time polymerase chain reaction
Mice were transcardially perfused with phosphate-buffered saline containing heparin and peripheral nerves were quickly dissected, snap frozen in liquid nitrogen and homogenized (ART-MICCRA D-8, ART Labortechnik) in TRIzol Õ reagent (Invitrogen). Total RNA was isolated according to the guidelines of manufacturers. Concentration and quality of RNA was determined using a BioPhotometer (Eppendorf) and 1 mg of RNA was reverse transcribed in a 100 ml reaction using random hexamer primers (Applied Biosystems). Complementary DNA samples were subsequently analysed as triplicates by semi-quanitiative real-time polymerase chain reaction using pre-developed TaqMan Õ assays (Murine M-CSF, Mm00432688_m1; eukaryotic 18S ribosomal RNA Endogenous Control, 4319413E) and TaqMan Õ universal PCR master mix (Applied Biosystems) according to the guidelines of manufacturers and previously published protocols (Fischer et al., 2008a) .
Combined immunohistochemistry and in situ hybridization
For the cellular localization of CSF-1 expression, radioactive in situ hybridization (CSF-1 messenger RNA) and immunohistochemistry (cell markers) were combined. Fresh frozen femoral quadriceps nerves were cut into 10 mm cross-sections and stored at À 80 C until required.
After post-fixation in ice-cold acetone or 4% paraformaldehyde in phosphate-buffered saline for 10 min, sections were blocked with 5% bovine serum albumin and 1% normal goat serum in phosphatebuffered saline and incubated with rat anti-mouse CD34 (1:1000, eBioscience; for identifying fibroblasts), rat anti-mouse F4/80 (1:300, Serotec; for identifying macrophages) or rabbit anti-mouse S100b (1:1000, Dako; for identifying Schwann cells) antibodies. Primary antibodies were detected by biotinylated goat anti-rat or goat anti-rabbit IgG (Vector Laboratories) and streptavidin-biotin-peroxidase (Vector Laboratories) complex using diaminobenzidine-HCl and H 2 O 2 . To prevent RNA degradation, all incubation steps were carried out in the presence of 10 U/ml RNase inhibitor (Ambion). After the peroxidase staining reaction, the Csf1 transcripts were then localized by in situ hybridization using an antisense Csf1 specific riboprobe and a corresponding sense riboprobe as negative control (Hristova et al., 2010) . For microscopic analysis, sections were dipped in Kodak NTB2 nuclear emulsion and stored at 4 C for up to 20 weeks. Autoradiograms were developed, and viewed under dark-and bright-field illuminations using an Olympus AX microscope to detect CSF-1-related silver grains in association with distinct cell types.
Immunohistochemistry
CSF-1 protein and its receptor (CSF-1R) were localized in peripheral nerves that had been loosely teased and spread on glass slides so that nerve fibres and the other endoneurial components were preserved and exposed. Specificity of the antibodies (rabbit anti-mouse CSF-1, 1:300; rabbit anti-mouse CSF-1R, 1:100; Santa Cruz) was controlled by omission of the primary antibodies or use of teased nerve preparations from Cx32def/CSF-1op mice. Briefly, mice were deeply anaesthetized and transcardially perfused with 2% paraformaldehyde in phosphate-buffered saline for 15 min. Femoral quadriceps and sciatic nerves were excised, the perineurium was stripped off, and nerve fibres were loosely separated (teased), air dried and fixed in ice-cold acetone (10 min). Teased nerves were then blocked with 5% bovine serum albumin in phosphate-buffered saline and incubated with primary antibodies overnight at 4 C. To visualize the primary antibodies, teased nerves were incubated with Cy3-conjugated goat anti-rabbit IgG secondary antibodies (Vector Laboratories) for 1 h and nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Quantification of CSF-1-positive fibroblasts or CSF-1-positive macrophages was performed on teased nerves by double labelling of CSF-1 as described in combination with rat anti-mouse CD34 (for fibroblasts; 1:1000, eBioscience) or rat anti-mouse F4/80 (for macrophages; 1:300, Serotec) primary antibodies, and Cy2-conjugated goat anti-rat IgG secondary antibodies (Vector Laboratories). At least 60 fibroblasts or macrophages from three different animals per genotype group were counted and the percentage of CSF-1 immunopositive cells was determined. Double labelling of CSF-1R and F4/80 was achieved accordingly.
Quantification of endoneurial macrophages was performed on 10 mm cross-sections of fresh frozen femoral quadriceps nerves according to previously published protocols (Carenini et al., 2001) . Endoneurial macrophages were detected using rat anti-mouse F4/80 primary antibodies and Cy3-conjugated goat anti-rat IgG secondary antibodies and nuclei were stained with DAPI (Sigma-Aldrich).
For quantification of macrophages in contact with endoneurial fibroblasts, 10 mm cross-sections of fresh frozen quadriceps nerves were fixed in ice-cold acetone (10 min), blocked with 5% bovine serum albumin in phosphate-buffered saline and incubated with rat antimouse CD34 (1:1000, eBioscience) primary antibodies overnight at 4 C. After incubation with Cy2-conjugated goat anti-rat IgG secondary antibodies and an avidin-biotin blocking step (Vector Laboratories) biotinylated rat anti-mouse F4/80 (1:300, Serotec) primary antibodies were incubated for 2 h and visualized using Cy3-conjugated Streptavidin (1:100, Biozol). The distribution of voltage-gated ion channels and the integrity of the nodes of Ranvier were determined as described previously . Analyses of muscle innervation in cross-sections and whole mount preparations of flexor digitorum brevis muscles were performed according to previously published protocols .
Light and fluorescence microscopic images were acquired using an Axiophot 2 microscope (Zeiss) with an attached CCD camera (Visitron Systems) or a confocal microscope (DM RE-7 SDK, Leica).
Morphometric analysis by electron microscopy
Femoral quadriceps nerves and lumbar ventral roots were processed for light and electron microscopy as previously described (Carenini et al., 2001; Groh et al., 2010) . Mice at the ages of 6 and 12 months were transcardially perfused with 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M cacodylate buffer. Dissected nerves were post-fixed in the same solution overnight at 4 C, followed by osmification, dehydration and embedding in Spurr's medium. Semi-thin (0.5 mm) crosssections were stained with alkaline methylene blue for light microscopy and ultrathin sections (70 nm) were mounted to copper grids and counterstained with lead citrate for electron microscopy. Morphometric analysis was performed with a ProScan Slow Scan CCD (ProScan) camera mounted to a Leo 906 E electron microscope (Zeiss) and corresponding software iTEM (Soft Imaging System). Multiple image alignments were acquired and characteristic pathological alterations were quantified in relation to the total number of myelin competent axons in whole nerve cross-sections. For illustration of cell-cell interaction, grey scale electron micrographs have been additionally coloured using Adobe Photoshop (CS3 Version; Fig. 3D , Fig. 8 , Supplementary Fig. 7 ).
Western blot analyses
Peripheral nerves were quickly dissected, snap frozen in liquid nitrogen and sonicated (Sonoplus HD60, Bandelin electronic) in 100 ml radioimmunoprecipitation assay lysis buffer (25 mM Tris-HCl pH 8, 10 mM Hepes, 150 mM NaCl, 145 mM KCl, 5 mM MgCl 2 , 2 mM EDTA, 0.1% sodium dodecyl sulphate, 1% NP-40, 10% glycerol) per 10 mg tissue. Protein concentration was determined by Lowry assay (Sigma-Aldrich) and proteins were resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes and visualized using Ponceau S (Roth). Membranes were blocked with skimmed milk and probed with antibody solution overnight at 4 C (mouse anti-mouse myelin-associated glycoprotein, 1:1000, Chemicon; rabbit anti-mouse myelin basic protein, 1:1000, MBL; mouse anti-mouse myelin protein zero, 1:10 000; mouse anti-mouse b-III tubulin, 1:10 000, Chemicon). Incubation with horseradish peroxidaseconjugated secondary antibodies was performed for 1 h at room temperature and detection of the immune reaction was achieved by use of ECL reagent and ECL hyperfilm (GE Healthcare Bio-Sciences AB). Sequential stainings were performed after incubating the nitrocellulose membrane with stripping buffer (0.2 M glycine, 0.1% sodium dodecyl sulphate, 10 mM dithiothreitol, and 1% Tween) for 30-120 min. Complete removal of the first set of primary antibodies was controlled by staining with secondary antibodies.
Sural nerve biopsies
Archived diagnostic sural nerve biopsy specimens from three patients with Charcot-Marie-Tooth type 1X (Patients X1-3, Table 1 ) and from three patients with Charcot-Marie-Tooth type 1A (Patients A1-3, Table 1 ) were investigated. One additional patient with a clear family history and clinically unequivocal Charcot-Marie-Tooth type 1 refused genetic analysis so that a definite diagnosis (e.g. CharcotMarie-Tooth type 1A) was not possible (Patient NP, Table 1 ). Samples of all patients were immersion-fixed and processed for semi-thin and ultrathin sections according to standard techniques (Schroder et al., 1985; Schmidt et al., 1996) . Additionally, parts of samples from Patients X3 and NP were fresh frozen for preparation of 10 mm serial cryosections. For immunohistochemistry, cryosections were post-fixed in ice-cold acetone for 10 min and blocked with 5% bovine serum albumin in phosphate-buffered saline, followed by antibody incubation and detection similar to mouse tissues. Primary antibodies included rabbit anti-human CSF-1 (1:300; Santa Cruz), mouse anti-human CD34 (1:500; eBioscience) and mouse anti-human CD68 (1:1000; Dako).
Statistical analysis
All quantifications and morphometric analyses were performed by investigators unaware of the genotypes of the respective mice. Data are represented as mean values plus standard deviations. Sample data of immune cell numbers and semi-quanitiative real-time polymerase chain reaction results were normally distributed and compared using the unpaired two-tailed Student's t-test. Statistical analyses of quantification of CSF-1 immunocytochemistry, cell-cell contacts, morphometric data, integrity of the nodes of Ranvier and muscle innervation were performed by use of the non-parametric Mann-Whitney U-test. P-values considered as significant were indicated by asterisks according to the following discrimination: *P 5 0.05; **P 5 0.01; ***P 5 0.001. Significant differences between Cx32wt and Cx32def genotype groups are indicated above the corresponding bars. Analyses of Cx32wt/Csf1op mice did not display any differences compared to Cx32wt mice in the described experiments and are not shown. In addition, heterozygous Csf1op/+ mice (Cx32wt/Csf1op/+ or Cx32def/ Csf1op/+ ) did not show any differences to Csf1 + / + mice (wild-type or Cx32def/Csf1wt) and are also not shown. Heterozygous female connexin32-deficient mice (Cx32 + /À ) were not included in the experiments.
Results
CSF-1 is upregulated in peripheral nerves of connexin 32-deficient mice
In order to measure the relative levels of CSF-1 messenger RNA in peripheral nerves of wild-type and connexin 32-deficient mutants (Cx32def), we performed semi-quantitative real-time polymerase chain reaction for CSF-1 in sciatic nerves of the respective genotypes. In nerves from 6-month-old mutants, an elevation of CSF-1 messenger RNA expression levels by a factor of approximately six was detected ( Fig. 1A and B). Next, we investigated the cellular components of the peripheral nerves as possible sources for CSF-1 in wild-type and Cx32def mutant mice. By using radioactive in situ hybridization in combination with immunohistochemistry, we identified accumulations of silver grains on CD34-positive profiles, identifying endoneurial fibroblasts as source for CSF-1 messenger RNA in Cx32def mice. Fibroblasts from wild-type mice showed less frequent and less dense accumulation of silver grains (Fig. 1C , Supplementary  Fig. 1A ). Also, some weaker accumulations of CSF-1-related grains were identified on some F4/80-positive macrophages from mutant, but not from wild-type mice after longer exposure time (Fig. 1C, Supplementary Fig. 1B ). Schwann cells, identified as S100b-positive profiles, were not associated with accumulations of CSF-1 messenger RNA (data not shown). These findings were confirmed by immunocytochemistry on teased nerve preparations using a CSF-1 directed antibody and fibroblast (CD34) or macrophage markers (F4/80; Fig. 1D and E). By quantification of CSF-1 producing cells, we found that in Cx32def mutants $50% of endoneurial fibroblasts showed immunoreactivity against CSF-1, while only $10% of macrophages were CSF-1-positive ( Fig. 1F and G). Since the number of endoneurial fibroblasts is moderately higher than the number of macrophages in the myelin mutant mice (see below) and since both in situ hybridization signals and immunocytochemistry revealed stronger and more frequent labelling in fibroblasts, our quantitative study reveals that the vast majority of CSF-1 in the nerve is produced by these cells. Confirming specificity of the immunocytochemistry, CSF-1 was not detectable in fibroblasts (Fig. 1H ) or any other cell types in peripheral nerves of homozygous osteopetrotic mice, which carry a spontaneous null mutation in the Csf1 gene (Yoshida et al., 1990) .
Low-level expression and immunoreactivity for CSF-1 in endoneurial fibroblasts from wild-type mice encouraged us to also investigate peripheral nerves of mice expressing nuclear localized http://brain.oxfordjournals.org/ b-galactosidase driven by the Csf1 promoter (Ryan et al., 2001 CSF-1 mediates increase of macrophage numbers in peripheral nerves of connexin 32-deficient mice
As reported previously, numbers of macrophages are elevated in peripheral nerves of Cx32def mice when compared with wild-type mice Groh et al., 2010) . We investigated whether this elevation is at least partially mediated by CSF-1. As a prerequisite, immunocytochemistry revealed that the cognate receptor CSF-1R (c-Fms) was expressed in peripheral nerves of Cx32wt and Cx32def nerves. The number of CSF-1R-positive cells and immunoreactivity were increased in the nerves of Cx32def mice ( Fig. 2A ). Double labelling confirmed that CSF-1R was exclusively expressed on endoneurial macrophages, whereas no other cell types showed CSF-1R immunoreactivity (Fig. 2B) . By crossbreeding Cx32def mice with osteopetrotic mice (see above), we identified CSF-1, rather than the other known CSF-1R ligand, interleukin-34 (Wei et al., 2010) , as the pivotal mediator of increased macrophage numbers ( Fig. 2C and D) , an observation comparable to our previous findings in another myelin mutant mouse, the P0 + /À mutant (Carenini et al., 2001; Muller et al., 2007) . Additionally, we observed that the attenuated increase of macrophage numbers in Cx32def nerves in the absence of CSF-1 was not a transient effect, but persisted until the age of 12 months, the latest time point investigated (Fig. 2E ). Of note, both increase of F4/80-positive and myelin-phagocytosing macrophage numbers was blocked, as revealed by immunocytochemistry and electron microscopy, respectively ( Fig. 2F and G) . Furthermore, and comparable to previous observations in P0 + /À mice (Carenini et al., 2001) , the number of T-lymphocytestypically present in mutant nerves-was significantly reduced in the absence of CSF-1 ( Supplementary Fig. 4 ).
CSF-1-producing fibroblasts form cell-cell contacts with macrophages
After having identified endoneurial fibroblasts as a cellular source of CSF-1 that mediates increase of macrophage numbers in the mutants, we investigated the spatial interrelationships between endoneurial fibroblasts and macrophages in wild-type and mutant mice. By double immunofluorescence, F4/80-positive macrophages and CD34-positive fibroblasts could often be found in close contact with each other (Fig. 3A) . Furthermore, quantification of double immunofluorescence revealed that $60% of F4/80-positive macrophages directly contacted CD34-positive fibroblasts in wild-type and Cx32def mice (Fig. 3B) . Of note, the absolute numbers of both fibroblasts (Fig. 3C ) and macrophages (see above) were elevated in the Cx32def mutants. Interestingly, however, in Cx32def/Csf1op mutants, macrophage (see above), but not fibroblast (which do not express CSF-1R, see above) numbers, are decreased in the absence of CSF-1 (Fig. 3C) . As a likely consequence, significantly more macrophages ($80%) were found in direct contact with fibroblasts compared to wild-type or Cx32def nerves (Fig. 3B) . In order to further investigate the intimate contact between fibroblasts and macrophages we performed electron microscopy of ultrathin serial sections. 'Foamy' macrophages containing myelin debris or lipid vacuoles were often found in proximity to thinly myelinated or demyelinated axons and were frequently in direct cell-cell contact with fibroblasts identified by long basal lamina-free endoneurial processes and staggered rough endoplasmic reticulum (Fig. 3D-F) .
Serial sections through such a cellular assembly demonstrated that contacts between macrophages and fibroblasts are not restricted to small proportions of the cells, but extend over large aspects of the cell surface ( Fig. 3D1-4 ).
CSF-1 deficiency leads to a substantial and persistent amelioration of the demyelinating and axonopathic phenotype in connexin 32-deficient mice
We have previously shown that in another model for CharcotMarie-Tooth type 1 disorders, P0 + /À mice, lack of CSF-1 leads not only to blocked increase of macrophage numbers, but also to strongly reduced myelin degeneration (Carenini et al., 2001) . Here, we demonstrate a similar alleviation of demyelinating phenotype in another model, Cx32def mice. As another novel finding, we show that the rescue effect of CSF-1 deficiency is highly persistent: not only peripheral nerves from 6-, but also from 12-month-old Cx32def mice lacking CSF-1 showed substantially reduced pathological alterations with minimal tendency of further demyelination. This profound rescue effect was detected by light microscopy and electron microscopic quantification of lumbar ventral roots (Fig. 4A, Supplementary Fig. 5 ) and femoral quadriceps nerves ( Figs 4B and 5A-D) . Furthermore, immunoblot analyses for myelin protein levels in sciatic nerve lysates were in line with a substantial preservation of myelin in the absence of CSF-1 (Fig. 4C) . Thus, lack of CSF-1 strongly and persistently improves myelin maintenance. In addition to improved myelin integrity, formation of axonopathic alterations characteristic of Cx32def mice, namely periaxonal vacuoles and regeneration clusters, was persistently reduced in the absence of CSF-1 (Fig. 5E-H) . We additionally focused our attention on two functionally important compartments: the nodal regions and the neuromuscular junction.
As revealed by immunocytochemistry on single fibre preparations, Cx32def mice showed normal nodal and paranodal compartments, as reflected by the distribution of voltage-gated Na + channels (Nav1.6) and Caspr-immunoreactivity, respectively (Fig. 6A) . By contrast, the juxtaparanodal compartment constantly showed abnormal 'patchy' domains of voltage-gated K + channel Percentages of macrophages in contact with fibroblasts were similar in wild-type and Cx32def/Csf1wt nerves, but significantly increased in Cx32def/Csf1op nerves. Mann-Whitney U-test, *P 5 0.05. (C) Quantification of CD34-positive endoneurial fibroblasts revealed a significant increase in numbers in both Cx32def/Csf1wt and Cx32def/Csf1op mice compared with wild-type mice (n = 4). Student's t-test, **P 5 0.01; ***P 5 0.001. (D1-4) Electron micrographs of ultrathin serial sections (70 nm thick; over 12 mm) of lumbar ventral roots from a 6-month-old Cx32def/Csf1wt mouse. A 'foamy' macrophage (orange) containing myelin debris was found in close proximity to a demyelinated axon and in direct cell-cell contact (arrows) with fibroblast processes (green) at several sites. Scale bar = 2 mm. (E and F) Higher magnification of the macrophage-fibroblast contact sites as shown in D1 and D2. Note the membrane-to-membrane association of macrophage and fibroblast processes. Scale bars = 0.5 mm in E; 1 mm in F.
(Kv1.2) immunoreactivity (Fig. 6A) . The formation of these abnormal domains was reduced in the absence of CSF-1 (Fig. 6B) , reflecting an ameliorated phenotype at the juxtaparanodal level.
We also investigated flexor digitorum brevis muscles with regard of the preservation of neuromuscular junctions. Denervation of neuromuscular junctions in Cx32def mice was identified in whole mount preparations and cross-sections of muscles (Fig. 6C) . representative semithin sections of lumbar ventral roots and (B) electron microscopy of representative ultrathin sections of femoral quadriceps nerves from 12-month-old wild-type, Cx32def/Csf1wt and Cx32def/Csf1op mice. Note prominent pathological alterations in Cx32def/Csf1wt mice, such as abnormally myelinated (thinly myelinated and demyelinated) axons, onion bulbs, periaxonal vacuoles and regeneration clusters. Such features were rarely seen in Cx32def/Csf1op mice and most of the myelinated profiles appeared nearly normal. Enlarged periaxonal collars (arrows) were amply present in both genotypes. Asterisks demarcate blood vessels. Scale bars = 20 mm in A; 5 mm in B. (C) Western blot analysis for the myelin proteins myelin-associated glycoprotein (MAG), myelin basic protein (MBP) and myelin protein zero (MPZ;P0) (and b-III tubulin as loading control) in sciatic nerve lysates from 12-month-old wild-type, Cx32def/Csf1wt and Cx32def/Csf1op mice. All analysed myelin proteins showed strongly reduced levels in sciatic nerves from Cx32def/Csf1wt mice compared with wild-type nerves, but only mildly reduced levels in nerves from Cx32def/Csf1op mice. (D) Electron microscopy of an enlarged periaxonal collar. The Schwann cell collar (arrow) filled with cytoplasm (cyt) containing vesicular inclusions protrudes into the axonal space (ax). M = myelin; scale bar = 1 mm. (E) Morphometric quantification of enlarged periaxonal collars in femoral quadriceps nerves from 6-month-old wild-type, Cx32def/Csf1wt and Cx32def/Csf1op mice (n = 4) failed to demonstrate a dependency of this mutation-specific hallmark from CSF-1 expression. Mann-Whitney U-test. P 4 0.05. Figure 5 CSF-1 deficiency leads to persistent amelioration of the demyelinating and axonopathic phenotype in peripheral nerves of Cx32def mice. (A, C, E and G) Morphometric quantification of abnormally myelinated (thinly myelinated and demyelinated) axons, onion bulb profiles, periaxonal vacuoles and regeneration clusters by electron microscopy of femoral quadriceps nerves from 6-month-old (6M) (n = 4-5) and (B, D, F and H) 12-month-old (12M) (n = 3-4) wild-type, Cx32def/Csf1wt and Cx32def/Csf1op mice. Formation of alterations in myelin integrity (abnormally myelinated axons and onion bulbs) in Cx32def mice was significantly ameliorated in the absence of CSF-1 at 6 and 12 months of age. Formation of axonopathic alterations in Cx32def mice in form of periaxonal vacuoles was significantly ameliorated in the absence of CSF-1 at 6 and 12 months of age, while attenuation in the formation of regeneration clusters (axonal sprouting after damage) reached significance only at 12 months of age. Mann-Whitney U-test, *P 5 0.05; **P 5 0.01. Note that Cx32def/Csf1op mice show no or only minimal increase in the formation of neuropathic alterations between 6 and 12 months of age.
We found $12% of -bungarotoxin-positive postsynaptic terminals lacking neurofilament-positive presynaptic profiles in cross-sections of 12-month-old Cx32def mice, reflecting a typical dying-back neuropathy and corroborating previous results . However, in the absence of CSF-1, only 4% of -bungarotoxin-positive postsynaptic terminals were devoid of presynaptic terminals in Cx32def mice, thus resembling neuromuscular junctions of wild-type mice (Fig. 6D) .
We also intended to investigate the functional consequences of preserved axon and neuromuscular integrity in Cx32def/Csf1wt versus Cx32def/Csf1op mutants as in related studies . However, due to the substantially smaller size and generally less vital appearance of the Csf1op mutants (Yoshida et al., 1990; Ryan et al., 2001) , both electrophysiological recordings and the determination of muscle strength failed to deliver reliable results. CSF-1 is expressed by macrophagecontacting endoneurial fibroblasts in peripheral myelin protein 22-overexpressing mutants
Since CSF-1 plays a pivotal role in the activation of pathogenic macrophages in models for Charcot-Marie-Tooth types 1X (this study) and 1B (Carenini et al., 2001) , we also investigated the cellular expression of the cytokine in PMP22-overexpressing mutants (strain C61), a model for the most common form of inherited neuropathies, Charcot-Marie-Tooth type 1A (Huxley et al., 1998) . As shown in Supplementary Fig. 6 , there was a strong elevation in the number of both F4/80-positive macrophages ( Supplementary  Fig. 6A ) and CD34-positive endoneurial fibroblasts ( Supplementary  Fig. 6B ) in quadriceps nerves of PMP22-overexpressing mice. Moreover, $60% of the F4/80-positive macrophages made close contact with CD34-positive fibroblasts ( Supplementary Fig. 6C ). Double immunocytochemistry revealed that similar to Cx32def mice, CSF-1 in the nerves of PMP22tg mice was mostly expressed by CD34-positive fibroblasts ( Supplementary Fig. 6D ). These observations strongly suggest that fibroblast-borne expression of CSF-1 is a widespread phenomenon in mouse models for Charcot-Marie-Tooth type 1.
Endoneurial fibroblasts in human sural nerve biopsies from patients with Charcot-Marie-Tooth type 1X and type 1A express CSF-1 and contact macrophages
After having shown that CSF-1 mediates demyelination in at least two Charcot-Marie-Tooth type 1 models and appears to be uniformly expressed by macrophage-contacting endoneurial fibroblasts, we investigated CSF-1 expression in sural nerve biopsies from patients with Charcot-Marie-Tooth type 1X and patients with type 1A. Indeed, in the only cryopreserved biopsy available from a patient with Charcot-Marie-Tooth type 1X (Table 1 , Patient X3) immunohistological investigations on consecutive cryosections revealed cell-cell contacts between CD34-positive endoneurial fibroblasts and CD68-positive macrophages (Fig. 7A) . Furthermore, double immunohistochemistry against CD34 or CD68 and CSF-1 revealed that predominantly endoneurial fibroblasts, rather than macrophages, expressed CSF-1 (Fig. 7B and C) . Interestingly, $55% of CD68-positive macrophages contacted CSF-1-positive cells (predominantly endoneurial fibroblasts), which is comparable to our findings in mice (see above). Electron microscopy on a glutaraldehyde-fixed portion of the biopsy from the same patient revealed abundant cell-cell contacts between morphologically identified fibroblasts and macrophages and, occasionally, myelin-laden macrophages in close contact with demyelinated axons (data not shown), reminiscent of observations in our Charcot-Marie-Tooth type 1 mutants and some other biopsies (Crawford and Griffin, 1991; Carvalho et al., 2005) . We then extended our studies on two other patients with Charcot-MarieTooth type 1X (Patients X1 and 2), the biopsies of which were glutaraldehyde-fixed. On electron micrographs of these patients, contacts between morphologically identified fibroblasts and macrophages were found repeatedly ( Fig. 8A and Supplementary  Fig. 7A ). We found that 20-30% of the macrophages were in contact with endoneurial fibroblasts, which is lower than the values obtained by immunohistochemical methods (see above). This is most likely due to the fact that during our electron microscopic evaluation, we excluded cell profiles that could not be unequivocally identified as macrophages or fibroblasts. Macrophages were identified by their finger-like/microvillar processes and/or the phagocytosed material as well as prominent lysosomes and phagolysosomes. Endoneurial fibroblasts were defined as cells devoid of basal lamina, microvillar processes and phagocytosed material showing extended processes and in many cases a prominent rough endoplasmic reticulum (Ohara et al., 1986; Grehl and Schroder, 1991) . As a final step, we investigated the source of CSF-1 in cryopreserved biopsies from a patient with clinically identified CharcotMarie-Tooth type 1 disease, most likely not suffering from type 1X (Patient NP; Table 1 ). Again, CSF-1 was predominantly fibroblast-derived and the endoneurial fibroblasts were often contacting macrophages (not shown). The glutaraldehyde-fixed biopsy of a patient with genetically identified Charcot-Marie-Tooth type 1A (Patient A1) revealed frequent contacts between macrophages and endoneurial fibroblasts ( Fig. 8B and Supplementary Fig. 7B ). Interestingly, in this patient, morphologically identified macrophages were often integrated into onion bulbs, which is in line with observations by Stoll et al. (1998) showing individual cell profiles of MHC class II immunoreactivity integrated in onion bulb formations.
Discussion
Robust rescue of peripheral nerve pathology by CSF-1 inactivation
In the present study, we show a robust and persistent rescue of demyelination, axonopathic changes and presynaptic axon loss in an animal model for Charcot-Marie-Tooth type 1X by inactivating the expression of CSF-1, a cytokine involved in the differentiation and activation of various tissue macrophages, Kupffer cells, microglial cells and osteoclasts (Raivich et al., 1999; Kalla et al., 2001; Chitu and Stanley, 2006) . This rescue is not due to a general absence or damage of tissue macrophages in the peripheral nerves of osteopetrotic mice, but is likely due to impaired activation and development of pathogenetic features of resident macrophages in the absence of CSF-1 (Carenini et al., 2001; Muller et al., 2007; Kondo et al., 2011) . A similarly profound rescue of neuropathy has been demonstrated in another model for CharcotMarie-Tooth disease, i.e. in mice heterozygously deficient in the myelin protein P0, resembling some forms of Charcot-MarieTooth type 1B (Carenini et al., 2001; Muller et al., 2007) . Interestingly, neural preservation has also been seen in a model for Charcot-Marie-Tooth type 1A, i.e. in transgenic mice overexpressing PMP22 (strain C61), when crossbred to osteopetrotic mutants (Groh et al., in preparation) . These combined observations suggest that CSF-1 serves as a common, pathologically relevant cytokine in inherited demyelination. Furthermore, the present study substantially extends the published observations made in the P0 mutants. For instance, we could demonstrate that the rescue effect is robust and persistent, lasting for at least 12 months, the latest time point investigated. Third, we show here not only myelin-related rescue, but most importantly, a robust structural, molecular and functional axonal preservation by quantification of axonopathic alterations, ion channel distribution and muscle innervation. Since axonopathic changes including muscle denervation are most relevant for the clinical outcome in patients (Berciano et al., 2000; Gallardo et al., 2006; Scherer and Wrabetz, 2008; Nave, 2010) , inactivation of CSF-1 or its receptor signalling might be highly promising goals for treatment strategies in possibly several forms of Charcot-Marie-Tooth disease. Interestingly, an orally applicable and CSF-1R specific tyrosine kinase inhibitor has recently been shown to suppress development and progression of different inflammatory disease models (Ohno et al., 2006 Uemura et al., 2008) . Of note, inactivation of CSF-1 and thus of macrophage-like cells appears not to be always beneficial; in twitcher mice characterized by impaired activity of the lysosomal enzyme galactocerebrosidase and representing globoid cell leukodystrophy, absence of CSF-1 attenuated macrophage-dependent removal of myelin debris. This has detrimental consequences for regenerative activities in the CNS of the mutants due to the blockade of migrating oligodendrocyte precursor cells by myelin (Kondo et al., 2011) . This and our present observations exemplify that neuroinflammation can be beneficial in some diseases (see also Kerschensteiner et al., 1999; Hohlfeld et al., 2000; Linker et al., 2010) , but detrimental in others (Ip et al., 2006a, b; Martini et al., 2008) .
Fibroblasts as mediators of nerve pathology by CSF-1 expression
Apart from the robust rescue effect in inherited demyelination, our study reveals for the first time endoneurial fibroblasts as major source for CSF-1 and, thus, identifies them as important cellular contributors to an incurable nerve disorder. Three independent approaches comprising in situ hybridization, immunocytochemistry and X-gal-reactivity driven by the CSF-1 promoter unequivocally attributed the majority of CSF-1 expression to these cells. This defines the endoneurial fibroblast as a pathogenetically highly relevant cell in comparison to its so far established and less significant role as major provider of endoneurial collagen (Peters et al., 1991) . Of note, the origin of endoneurial fibroblasts may not be uniform, since one group suggests their embryonic origin from neural crest (Joseph et al., 2004) , whereas our transplantation experiments performed in adult mice revealed an origin from bone marrow (Mä urer et al., 2003) , suggesting their relationship to blood-borne fibrocytes (Abe et al., 2001; Herzog and Bucala, 2010) . A further feature supporting a bone marrow origin is the expression of the haematopoietic stem cell marker CD34. Another fibroblast-like cell expressing this marker is the 'kranocyte' capping the neuromuscular junction (Court et al., 2008) . However, neither the origin of these cells nor their possible contribution to neuropathic changes has been investigated. A remarkable feature of the CD34-positive endoneurial fibroblast is their close membrane-to-membrane association with macrophages. Of note, in Cx32, PMP22 (this study) and in P0 mutants (unpublished observations) $60% of all endoneurial macrophages are in direct contact with endoneurial fibroblasts. A similar association can be recognized on electron micrographs of peripheral nerves of rabbits under injury conditions (Thomas, 1964 (Thomas, , 1966 ) and a detailed description of cell-cell contacts between the two cell types has been described for Wallerian degeneration in the mouse (Ohara et al., 1986) . In case of inherited neuropathies and possibly other pathological conditions, the endoneurial fibroblasts can deliver CSF-1 directly to the macrophages which then attack the mutant myelin. In this context, it is striking that for the first time, fibroblast-macrophage contacts have been detected by us in biopsies of patients with Charcot-Marie-Tooth type 1A and type 1X, suggesting a similar role of this so far poorly recognized cell-cell contact in humans. With regard to this newly detected, although frequent cell-to-cell Figure 8 Endoneurial fibroblasts form direct cell-cell contacts with macrophages in human patients with Charcot-Marie-Tooth type 1.
(A) Electron microscopy of a direct cell-cell contact between a fibroblast process (green) and a macrophage containing myelin debris (orange) in a sural nerve biopsy from a patient with Charcot-Marie-Tooth type 1X (Patient X2, Table 1 ). Note myelin debris in an endoneurial tube devoid of an axon (asterisk). Scale bar = 1.5 mm. (B) Electron microscopy of direct cell-cell contacts between fibroblast processes (green) and a macrophage (orange) in proximity to a demyelinated axon in a sural nerve biopsy from a patient with CharcotMarie-Tooth type 1A (Patient A1, Table 1 ). Note that the associated macrophage-fibroblast unit is surrounding the demyelinated axon and Schwann cells profiles reminiscent of onion bulbs. Scale bar = 1.5 mm.
association, it is of particular interest that in addition to two secreted isoforms, CSF-1 can be expressed as biologically active cell surface glycoprotein that mediates distinct macrophagerelated functions in the organism (Dai et al., 2004; Chitu and Stanley, 2006) . It is therefore plausible to assume that the direct cell-cell contact between both cell partners is a prerequisite for the effective and constant activation of CSF-1R expressing macrophages by fibroblast-membrane-bound CSF-1 in the chronically diseased nerve.
The tight cell-cell association between CSF-1 'donors' and 'recipients' is well established in the bone system; the osteoblast, a specialized fibroblast-like cell, is in tight contact with the bone-related macrophage-like cell partner, the osteoclast. This association is necessary for osteoclastic bone resorption via CSF-1 produced by the osteoblast (Teitelbaum, 2000) , as reflected by the osteopetrotic phenotype of spontaneous CSF-1-null mutants (Yoshida et al., 1990) . Another important regulatory mechanism for osteoclastogenesis is mediated by the receptor activator of nuclear factor-B (RANK) and its ligand RANK-L. Interestingly, these interacting partners are also found in the peripheral nerve, with, in analogy to the bone, RANK-L expressed by fibroblasts and RANK by macrophages (Zieger, Groh and Martini, unpublished results) . In case these molecules also contribute to detrimental macrophage function in the diseased peripheral nerve, the use of the natural RANK-L competitor osteoprotegerin or RANK-L-specific antibodies might be an option for CharcotMarie-Tooth treatment as has been proposed for treating osteoporosis (Trouvin and Goeb, 2010) .
Low-grade inflammation in demyelinating peripheral nerves is mediated by CCL2 and CSF-1
Our group has identified low-grade inflammatory reactions in peripheral nerves as important disease mediator and modifier in models for inherited demyelination (Ip et al., 2006b; Martini et al., 2008) . According to our studies in three distinct models, the initial changes recorded in the mutant Schwann cell include the activation of the MEK/ERK-pathway resulting in the expression of CCL2 (MCP-1), a chemokine involved in macrophage attraction and function (Fischer et al., 2008a, b; Martini et al., 2008; Groh et al., 2010; Kohl et al., 2010) . In these models, reduction of levels of CCL2 by 50% result in a similar amelioration of disease as CSF-1-deficiency, reflecting the involvement of at least two components of the innate immune system in inherited demyelination: one derived from the diseased Schwann cell (CCL2), the other from the endoneurial fibroblast (CSF-1). In line with this model is the independence of MEK-ERK signalling and CCL2 expression from CSF-1 expression: peripheral nerves from Cx32def/Csf1op mice still showed increased phosphorylation of ERK and increased CCL2 immunoreactivity in Schwann cells (Groh and Martini, unpublished results) . Whereas it is not difficult to imagine that the diseased Schwann cell itself is the source of the pathogenic mediator (CCL2), elevation of a fibroblast-borne cytokine (CSF-1) in a primarily Schwann cell-related disorder appears more challenging to explain. One possibility to 'activate' endoneurial fibroblasts could occur via Schwann cell-derived CCL2. However, we have presently no evidence in favour of the expression of the cognate CCL2 receptor (CCR2) on endoneurial fibroblasts (Groh and Martini, unpublished results) . We, therefore, favour the hypothesis that macrophages activated by Schwann cell-borne CCL2 communicate to the closely attached endoneurial fibroblasts, which then 'signal back' to the macrophage by CSF-1 expression. This model is complicated by the fact that complete CCL2 inactivation results in an aggravated phenotype, which is likely mediated by a robust upregulation of CSF-1 (Fischer et al., 2008a, b; Groh et al., 2010; Kohl et al., 2010) . Recent observations could again identify the endoneurial fibroblasts as source for CSF-1 under these conditions (Groh and Martini, unpublished observation) . It is, therefore, plausible to assume that CCL2 serves as a Schwann cell-derived, disease modulator which either when elevated or completely inactivated leads to detrimental upregulation of fibroblast-borne CSF-1.
Conclusions
In the present study, we identified fibroblast-borne CSF-1 upregulation as an important disease mediator in a model for a non-curable inherited peripheral neuropathy. Since this mechanism is not confined to the Charcot-Marie-Tooth type 1X model, but is also realized in at least two other models (P0 + /À , Carenini et al.,
2001; PMP22tg, this study), fibroblast-borne CSF-1 is a common and widespread promoter of pathogenesis in inherited demyelination of distinct genetic origin. Based on our present observations in human biopsies that at least in Charcot-Marie-Tooth types 1A and 1X, endoneurial fibroblasts also express CSF-1 and form similar cell-cell contacts with macrophages as in our genetic models, it is most likely that the cytokine plays a detrimental role in human Charcot-Marie-Tooth type 1. Therefore, CSF-1 or its cognate receptor are pivotal target candidates for future treatment approaches in human Charcot-Marie-Tooth disease.
